Background: The effect of adiposity on bone mass in the early phases of inflammatory bowel disease
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INTRODUCTION
The term inflammatory bowel disease (IBD) refers to two diseases, Crohn's disease (CD) and ulcerative colitis (UC), which are characterized by chronic inflammation of the gastrointestinal tract, marked by recurrent periods of remission and exacerbation [1] . CD is characterized by discontinuous, transmural inflammation of the gastrointestinal tract with preferential involvement of the ileo-colonic segment, while UC is characterized by a more superficial, continuous inflammation that extends proximally from the rectum to variable areas of the large intestine [1] .
There are two principal areas of controversy in the study of bone mineral density (BMD) in pediatric patients with IBD. The first is on the timing of the onset of decreases in bone mass in children and adolescents with IBD, and the second is on the role of adiposity on BMD in pediatric subjects with IBD.
Currently, there is no consensus on the timing of onset bone loss in children and adolescents with IBD as some studies demonstrated early decreases in BMD [2] [3] [4] , while others reported no change in BMD in the first few years of the disease [5] .
Equally, there is no agreement on the role of adiposity on BMD in children and adolescents with IBD [6] [7] [8] [9] . While several studies have reported a strong positive association between low BMI and decreased BMD in IBD [6, 7, 10] , others found no such association [11, 12] . Conventionally, adiposity is believed to be beneficial to bone health given the positive effect of mechanical loading conferred by body weight on bone formation. However, this thinking has been challenged by recent studies that strongly suggest that fat accumulation is detrimental to bone mass [8, 9] . This novel thinking is predicated on several factors: both obesity and bone metabolism are interrelated as both osteoblasts and adipocytes are derived from a common mesenchymal stem cell [13] ; agents that inhibit adipogenesis stimulate osteoblastic differentiation and bone formation, and vice versa [14] [15] [16] . Furthermore, obesity and osteoporosis are M A N U S C R I P T
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4 associated with elevated oxidative stress and increased production of pro-inflammatory cytokines [17, 18] which promote osteoclastic activity leading to bone loss [19] . Finally, dietary factors such as high fat intake are believed to interfere with intestinal calcium absorption and therefore decrease calcium availability for bone formation.
One of the principal reasons for the lack of consensus on BMD status in the early phase of IBD in children and adolescents is because dual-X ray absorptiometry (DXA)-derived BMD is subject to potential misinterpretation as these measurements are influenced by body size [20] . Therefore bone density evaluation in IBD, where short stature is commonly seen, should not only be matched for age and gender, as this would over-estimate the proportion with spuriously low BMD, but should be further adjusted for size by calculating the height-adjusted BMD z-score [21] [22] [23] .
The primary aim of this study was to determine the role of adiposity on bone mass in the first 3 years of diagnosis of IBD by comparing the BMD z-scores of IBD subjects to controls after stratifying by BMI criterion. The secondary aim was to determine the status of bone mass in the first 3 years of the diagnosis of IBD. The primary hypothesis is that increased adiposity will be associated with increased bone mass in both the controls and IBD subjects, while the secondary hypothesis is that bone mass will be lower in the first 3 years of IBD compared to controls.
SUBJECTS AND METHODS
Ethics Statement
The study protocol was approved by the University of Massachusetts Institutional Review Board (IRB).
Written informed consent was obtained from parents, caretakers, or guardians on behalf of minors/children in the control group, who were originally enrolled in study NCT00756899, entitled, 'Vitamin D deficiency and low bone mineral content (BMC) in children', a cross-sectional case control M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 study that was designed to determine the association of vitamin D status and BMC in healthy children. A waiver of authorization and a Health Insurance Portability and Accountability Act (HIPAA) waiver were obtained from the University of Massachusetts IRB to allow the investigators to access the medical records of the participants in the study group, and those in the control group who were not part of study NCT00756899. A written consent was not obtained from subjects not enrolled in NCT00756899 because the review of medical charts involved no more than minimal risk to the patients, and it would be impossible to conduct the research without a waiver of authorization as some of the patients had either left the clinic or moved out of the state. The IRB approved the use of a waiver of authorization for these cases. All patient records and information were anonymized and de-identified prior to analysis.
Control subjects
As mentioned above, participants in the control group (n=24) were drawn from a study to evaluate the association of vitamin D status and bone mineral density (clinical trial identification number NCT00756899), and from the medical records of otherwise healthy pediatric patients of <18 years (y) who had BMD assessment as part of their clinical evaluation for bone complaints such as traumatic fracture while skiing. Subjects were excluded from the control group if they had any systemic illnesses such as diabetes mellitus, chronic renal disease, or known metabolic or genetic diseases resulting in obesity such as severe hypothyroidism, pseudohypoparathyroidism, or Cushing's disease. Methods used for exclusion included history, physical examination, and screening laboratory tests for fasting blood glucose, cortisol, urinalysis, comprehensive metabolic panel, serum creatinine, and thyroid function tests.
Study subjects
The study group consisted of 25 children and adolescents of ages 7-18 years who were diagnosed with either Crohn's disease (CD, n = 15) or ulcerative colitis (UC, n = 10). Subjects were included in the study group if their diagnosis of CD or UC was established by a combination of standard clinical, endoscopic, and radiographic criteria, as documented at the time of diagnosis [24] , as well as the availability of BMD M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 data measured in the first 3 years following the diagnosis of IBD. The severity of IBD was quantified with the Pediatric Crohn's Disease Activity Index (PCDAI) [25] and Lichtiger Colitis Activity Index (LCAI) [26] . Corticosteroid exposure was summarized as cumulative cortisone dose received before the first DXA scan [27, 28] . Subjects were excluded from the study group if they had diseases of calcium and/or vitamin D metabolism. Three subjects were excluded based on the above criteria.
Study Methods
Anthropometry:
Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer (Holtain Ltd, Crymych, Dyfed, UK) that was calibrated daily. Weight was measured to the nearest 0.1 kg using an upright scale.
BMI was derived using the formula weight/height 2 (kg/m 2 ), and expressed as z-score for age and gender based on National Center for Health Statistics (NCHS) data [29] . Anthropometric data were expressed as mean ± SD.
Bone Mineral Density Analysis
Participants in the control and study group were evaluated for bone mineral density of their compact (femoral neck) and cancellous (lumbar spine) bones using a Hologic Discovery C, QDR Series DXA scanner (Bedford, MA). The software used for the interpretation of the scanned results was the Apex System Software Version 3.3. All BMD results were expressed as z-scores. Measurements were taken at both the femoral neck and lumbar spine (L1-L4) according to the manufacturer's specifications. The delineations for the regions of interest were done automatically with the integrated software. Heightadjusted BMD z-scores were determined using the Bone Mineral Density in Childhood z-score online calculator developed by Zemel et al [23] and located at http://www.bmdcspublic.com/zscore.htm.
Statistical Analyses
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Statistical analyses were performed using the SPSS Predictive Analytics SoftWare version 21 (IBM Corporation, Armonk, NY, USA). Normal probability plots were constructed with the variables of interest. No departure from normality was detected, allowing for the use of parametric tests, without the need for transformation. Means, standard deviations and percentages were calculated for descriptive summary statistics. Proportions were compared using Chi square tests. Overweight was defined as BMI of ≥85 th but <95 th percentile, while obesity was defined as a BMI of > 95 th percentile for age and sex. Data were expressed as mean ± standard deviation (SD). Table 1 shows the mean (±SD) values for anthropometric, radiological, and therapeutic parameters. The mean duration of disease for the study patients was 1.33 ± 1.4 y, with a median duration of 0.55 years, and minimum of 0.06 year and maximum of 3.82 years. The IBD cohort was significantly shorter than the controls, and had a higher frequency for calcium and multivitamin supplementation. There were, however, no differences between the groups for age, gender, weight, BMI, race, and vitamin D supplementation. Further analysis showed that the height-adjusted BMD z-score did not differ significantly by gender (p=0.550) between the controls and IBD subjects. There was also no difference in height-adjusted BMD z-score between the pubertal and post-pubertal subjects for either the lumbar spine (p=0.978) or the femoral neck (p=0.170) when IBD subjects were compared to controls.
RESULTS
Height-adjusted BMD z-score did not differ between patients who received steroid therapy and those who Two subjects in the control group had a history of occasional steroid therapy for the management of mild asthma while 4 subjects in the control groups received proton pump inhibitors for the treatment of gastroesophageal reflux disease (Table 1) .
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DISCUSSION
This study found evidence that bone mass, as expressed by the height-adjusted BMD z-scores was significantly lower for femoral neck in the overweight/obese IBD subjects compared to overweight/obese controls. Equally, lumbar spine z-score was lower in the overweight/obese IBD subjects compared to overweight/obese controls, though this did not reach statistical significance.
Among the IBD subtypes, both the femoral neck and lumbar spine z-scores were lower in the CD subjects compared to UC patients, though only the lumbar spine z-score reached statistical significance. This contrasting finding on femoral neck BMD suggests that while adiposity is associated with increased bone mass in control subjects, it has the opposite effect on BMD in patients with IBD.
While published studies have reported either a positive association [6, 7, 10] , or the absence of an association [11, 12] between adiposity and bone mass in IBD; studies in healthy subjects have reported both positive [30] and negative [8, 9, 31] associations between adiposity and bone mass. Though the finding in the control subjects agrees with reports of positive relationship between adiposity and BMD in non-IBD subjects [30] , no prior study, to our knowledge, has described a negative relationship between adiposity and BMD in IBD cohorts [9] .
The mechanism of adiposity-related reduction in bone mass in IBD is multifactorial [28] ; and there is no consensus on the etiology of the decreased bone mass in children and adolescents with IBD [3, 10, 32] .
While the reduced bone mass is believed to arise from complex effects of fat mass on bone, it may also be partially attributed to factors such as inter-study differences in relation to gender, ethnicity, sample size, study design, methodology of analysis, and population structure [33] . However, this study reports no differences in height-adjusted femoral neck or lumbar spine BMD values when stratified by gender or pubertal status.
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The reduced bone mass in IBD has also been linked to increased systemic inflammation [34] as some studies have reported that the monoclonal anti-TNF-α chimeric antibody, infliximab, has a beneficial effect on bone metabolism in children with IBD via the reduction of inflammatory cytokines and by improving serum vitamin D concentration through the healing of the vitamin D-absorptive surfaces [28, 35] . Our group [36] recently showed that seasons, skin pigmentation, and the degree of intestinal inflammation are the key non-dietary determinants of vitamin D status in children and adolescents with IBD [37] . In that study, subjects with IBD and elevated erythrocyte sedimentation rate (ESR) had Adiposity and IBD are associated with systemic inflammation [17, 28] , however, the detection of a contrasting role for adiposity on bone mass in the controls compared to the IBD subjects suggests that the effect of obesity on bone mass may be related to the distinct pathogenesis of the adiposity. Specifically, exogenous or simple obesity as seen in the controls appears to increase bone mass, whereas pathological obesity, e.g., from steroid therapy or other causes, may result in decreased bone mass. It is known that certain therapeutic interventions may predispose affected individuals to both osteoporosis and obesity [41] . For example, osteoporosis and obesity are the two main side effects of treatment with gonadotropin-releasing hormone agonists, whose long-acting form is used for the management of central M A N U S C R I P T
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13 precocious puberty, and its short-acting form is employed in the management of metastatic prostate cancer [42] . Equally, excessive use of corticosteroids has similar twin side effects of obesity and reduced bone mass. Twenty-eight percent of patients with IBD in our cohort received steroid therapy as compared to 8.3% in the controls. It is possible that these patients who received steroid therapy had evidence of subclinical hypercortisolism [31] with associated Cushingnoid features of obesity. Such a therapy in this case is believed to suppress osteoblastic bone formation resulting in reduced bone mass [41] , as studies have shown that agents that promote adipogenesis suppress osteoblastic differentiation and bone formation, and vice versa [14] [15] [16] . Furthermore, both adiposity and IBD are associated with vitamin D deficiency and their coexistence may further diminish bone mass in affected individuals. Therefore, the impact of adiposity on bone mass in IBD may be modified by the etiology of the obese phenotype.
Studies that examined body fat in IBD demonstrated that though most patients with IBD have low or normal BMI, the ratio of their intra-abdominal fat to total abdominal fat far exceed that of non-IBD subjects [43, 44] , such that some investigators use mesenteric white adipose tissue as a good indicator of active phase of Crohn's disease [45] . Therefore, it is likely that adiposity is underestimated in IBD patients.
In this study, corticosteroid therapy was not associated with significant decreased in BMD in this study.
This could be due to the short duration of disease in our IBD cohort. However, there is no consensus on the effect of corticosteroid on bone mass in IBD. While one study reported that cumulative corticosteroid dose, height and BMI z-score were independent risk factors for low bone mass in adolescents with IBD [10] , another study showed a decreased bone mass in steroid-naïve children with CD [46] , and a third study reported no effect of glucocorticoids on BMD in Crohn's disease [2] . Thus, more studies are needed to determine the role of steroid therapy on bone mass in IBD [47] .
The report of a lack of difference in height-adjusted BMD between normal-weight IBD vs normalweight control children and adolescents subjects in this pediatric study differs from a case-M A N U S C R I P T
14 controlled study in adult subjects that found a higher prevalence of metabolic bone disease in patients with CD and BMI of <18.5 kg/m 2 compared to controls [48] . In this adult study, factors associated with chronic active and long-lasting disease were associated with increased risk for metabolic bone disease. This is in contrast to the deleterious effect of adiposity on bone mass in the early phase of IBD in children and adolescents.
The limitations of this study include its cross-sectional design which limits causal inference on the effects of adiposity on bone mass in IBD. Second, we did not administer a food-recall questionnaire to accurately determine the vitamin D and calcium content of the subjects' diet as these may affect bone mass. The study's small sample size may have introduced type 2 error and precluded the detection of significant differences between the groups. We had no data on total body (minus head) BMD, as well as body composition analysis by DXA as such data would have served to corroborate our findings. Finally, our results were derived from a tertiary care center in a single state in the United States of America.
Therefore, we are uncertain that our results are generalizable to other centers, states, or countries.
One of the strengths of this study is its case-controlled design which enabled us to compare parameters of interest in subjects with IBD to a control group. The control group was well-matched to the study group, thus limiting the effect of confounding variables. The study's core anthropometric and bone mineral density parameters were adjusted for covariates and expressed as z-scores. BMD z-scores were further adjusted for height to address the spuriously low BMD that would otherwise have resulted from the short stature associated with IBD. Tables and Table Headings 
